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ABSTRACT 



The feasibility of controlling a disk file head 
positioning servo with an adaptive computer simulation model 
is investigated. During the seek mode, model updating of 
position, velocity, and motor gain parameter are 
accomplished from samples of head position only, thereby 
eliminating the requirement for a tachometer in the 
positioning servo system. In the track follow mode, three 
methods of linear compensation are presented to settle the 
transients of the servo and allow for the positioning of the 
read/write head on track center in minimum time. 



Implementation of the simulation model into a microprocessor 
is also investigated. 
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I. INTRODUCTION 



As the demand for digital data storage has increased, 
technological advances in the disk file industry have led to 
higher data track densities on rotating magnetic disk files. 
Track densities of 1000 tracks per inch (TPI) or greater are 
not uncommon in today's market. Because the corresponding 
track widths are often .001" or less, precise means of 
positioning a read/write head over a given data track must 
be developed. This thesis will examine the feasibility of 
controlling a disk file head positioning servo through the 
use of a microprocessor-based adaptive model and 
compensation scheme. 

Figure 1.1 is a sketch of the system to be investigated. 
The magnetic disk rotates at a constant speed w(t). When 
the desired track number command is received from the main 
computer CPU, the microprocessor generates an appropriate 
servo motor drive signal to cause the servo motor to rotate 
through an angle 0(t). This rotation, acting through the 
actuator arm of length L, causes the head to translate 
through a circular arc that is approximately along the 
radius of the rotating disk. Because the data tracks are 
arranged in concentric circles about the center of the disk, 
this results in the movement of the head across one or more 
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ttacks until the desired track is found. 



The microprocessor must perform two tasks to accomplish 
the move to the desired track: 

1. It must generate motor drive signals to move the head 
from the present track to any other commanded track in 
minimum time. This is called the seek mode of the 
operation. 

2. It must center the head over the desired track and 
maintain this position on the disk surface while the 
head is reading from or writing onto the data track. 
This is called the track follow mode of operation. 




Figure 1.1 Sketch of Disk File Head Positioning 
Servo System 



To accomplish the seek function, the microprocessor will 
utilize an adaptive model to simulate the actions of the 
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amplifier, servo motor and actuator arm as they move the 
head across the radius of the disk surface. The actual 
servo motor is to be driven open loop thus eliminating the 
requirement for a tachometer to determine the velocity of 
the head. 

In the track follow mode, the microprocessor provides 
linear compensation to the servo motor. The compensation 
settles the transients of the motor and allows the head to 
"ride" the center of the data track while it performs its 
read/write functions. 

Both functions of the microprocessor require accurate 
measurements of head position as it moves across the disk 
surface or attempts to follow the desired data track. One 
scheme to provide the position information is to imbed the 
servo information into the data track itself. Bursts of 
servo information consisting of a track number code, 
commonly a GREY code, and an error code identify the track 
and generate an error signal proportional to distance and 
direction from track center. Figure 1.2 illustrates the 
layout of these narrow sectors of servo information within 
the data tracks on the disk surface. Since this information 
is provided in sectors equally spaced around the disk, 
position information is available only at discrete instants 
of time as the rotating sectors pass under the head. Thus 
the adaptive model and compensation loop must operate as a 
sampled data servo system and the head has the additional 
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responsibility of providing these samples of head position 
to the microprocessor. 




Chapters 2 and 3 will treat the development of the 
adaptive simulation model and present simulation studies of 
the performance of this adaptive model scheme for the seek 
mode of operation. Testing of the adaptive model continues 
in Chapter 4 showing the effects of varying amplifier 
parameters and changing the servo motor transfer function. 
Chapter 5 discusses the development of a current source 
drive system and presents simulation studies to show how 
this type of drive can be used to overcome the effects of 
servo motor parameters. Three methods of providing linear 
compensation to the servo motor during the track follow mode 
are presented in Chapter 6. The effects of varying the 
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sampling period and introducing time delays in the system 
are studied in Chapter 7. 

Finally, Chapters 8 and 9 will discuss the implementation 
of the complete system into a microprocessor and areas for 
further study. Appendices A through D are provided to list 
the DSL/VS simulation programs and appropriate simulation 
data printouts used in the course of this thesis research. 
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II. DEVELOPMENT OF THE SIMULATION MODEL 



A. INTRODUCTION 

The simulation model chosen was a servo with a curve 
following velocity loop as shown in Figure 2.1. This model 
operates in two modes for a step position command: 

1. An initial full acceleration mode 

2. A curve following mode 

When the curve to be followed is chosen to be the 
deceleration curve for the idealized motor, the model will 
be a practical application of bang-bang control [Ref. 1 ]. 




When a step input is applied to the model, the error 
signal (E) will enter the curve and produce a commanded 
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# 

velocity input (X) to the velocity loop. The amplifier 
saturates and full forward drive signal is applied to the 
motor (full acceleration mode). As the position error 
signal decreases, the commanded velocity is reduced until it 
is equal to the velocity feedback signal (KC) . Because the 
commanded velocity signal is decreasing, the velocity error 



(XE) 


will 


go negative 


and cause the voltage 


signal to 


the 


motor 


to 


reverse . 


By 


proper selection of 


the amplifier 


gain , 


the 


system 


will 


continue to switch 


between 


the 



positive and negative saturation limits of the amplifier and 
follow the curve down until the desired position is reached. 

B. CURVE DESIGN 

To enable the system to follow the curve to the desired 

position, the curve must be chosen carefully. A parabolic 

curve was used because it approximates the deceleration 

curve of an ideal motor. Experience gained through 
\ 

simulation studies has shown that the curve should be below 
the motor deceleration curve to enable the system to 

accurately track it. To accomplish this, the gain constant 
K1 was set to a value of 0.8. 

The equation of the curve was derived from the 

idealized motor equations as follows 



C = 


Km 


Vsat 






(2.1) 


C = 


f/ 


dt = 


Km 


Vsat t + C (0) , (C (0) =0) 


(2.2) 


*> 


fc 


dt = 


Km 


Vsat t* + C ( 0 ) 


(2.3) 



Z 
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From equation 2.2, 



t = C/Km Vsat 
and substituting into 
C = Km Vsat / 

2 V 

For deceleration 
input R = 0, 



equation 2. 




Km Vsat/ 2 
from initial 



3, 

• 1 

C 



Km Vsat 



conditions with the 



(2.4) 



(2.5) 



C = -E 

• i 

C = -E 

• x 

E = E 

2 Km Vsat 



( 2 . 6 ) 

(2.7) 

( 2 . 8 ) 



E = y 2 Km Vsat 
Letting 

A = ^2 Km Vsat 

and 

• • 

X = E 



iF 



x 



V 7 - 



commanded velocity 



(2.9) 



( 2 . 10 ) 



( 2 . 11 ) 

( 2 . 12 ) 



Thus, the commanded veolocity curve can be generated by 
an initial calculation of the parameter A, then continuously 
multiplying this factor by the square root of the error 
signal. It can also be generated by precalculating the 
curve and storing the values in a table look up memory 
yielding commanded velocity values for discrete values of 
the error signals. 
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C. OTHER MODEL PARAMETERS 



The motor gain constant (Km) is determined by the 
transfer function of the motor that the simulation model 
will control. The value of Km chosen was 300.0 (to be 
derived in Chapter 3). 

The saturation limits ± Vsat of the saturating 
amplifier are determined by available power supply voltages. 
This limit was arbitrarily chosen as .+ 10.0 volts. The gain 
parameter (K2) of the linear portion of the amplifier is 
chosen to saturate the amplifier when the step position 
command is one or more tracks. Assuming a track density of 
1000 tracks per inch radially, for a one track step input: 

X • K2 = K1 * A JE • K2 = (0.8) ^ 2*300-10 ^ .001- K 
= 2 • K2 2 Vsat = 10 

Thus, the value of K2 must be greater than 5.0. The 
value of K2 will also effect the bandwidth of the linear 
track follow mode of operation (to be discussed in Chapter 
6) . As a result, K2 was chosen to be 10,000 to effectively 
allow the amplifier to act as a switch to provide full 
forward and reverse drive signals to the motor in the curve 
following mode. 

The gain of the velocity feedback channel (K) is chosen 
such that X = K C when the simulation motor velocity (C) is 
at the desired speed for a given step position input. Using 
the same arguments in the derivation of the parameter A, for 
deceleration from initial conditions with R = 0 
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-c 



E 



( 2 . 6 ) 



-C 



E 



(2.7) 



X 



Kl • E = -K C = K E 



(2.13) 



Therefore, the parameter K should be equal to Kl. Again 
from simulation studies, close curve following was achieved 
when K is set to unity (1.0). 

D. SIMULATION STUDIES OF THE BASIC MODEL 

To demonstrate the curve following ability of this 
scheme, the model was simulated using DSL/VS. Appendix A 
lists the DSL simulation program used in this study. All 
parameters and variables used in the program are as 

previously discussed in this chapter and the signal flow 
follows the block diagram of Figure 2.1. The phase plane 
plot (velocity C versus position C) is shown in Figure 2.2 
for a step position command of 0.1 inch (100 tracks) . The 
figure shows the velocity of the model motor increases until 
it crosses the commanded velocity curve (X) then follows 
this curve to the commanded position. Figure 2.3 shows the 
step response for the model during the seek mode. Figures 

2.4 and 2.5 are the phase plane plot and step response for a 

step position command of 0.001 inch (1 track). The figures 
show that the model performs well even for the track to 

track move. 

Now that a working simulation model has been found, use 
of this model to control the seek mode of the disk file head 
positioning servo will be investigated. 
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Figure 2.2 Phase Plane Trajectory of the Model 

(100 Track Move) 
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Figure 2.3 Step Response of the Model (100 Track Move) 
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Figure 2.4 Phase Plane Trajectory of the Model 

(1 Track Move) 
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Figure 2.5 Step Response of the Model (1 Track Move) 
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III. THE ADAPTIVE MODEL 



A. INTRODUCTION 

The- microprocessor simulation model of Chapter 2 is to 
be used to drive a positioning servo open loop so as to make 
it follow a predetermined curve to a desired position 
command. To accomplish this, the model must be adaptive, 
i.e., it must "mimic" the states (position, velocity) and 
have a motor gain constant eguivalent to the non-ideal 
positioning servo. This discussion will first describe the 
positioning servo selected for use in the testing of the 
adaptive scheme and will then present the algorithm to 
update the model states and gain parameter in the seek mode. 
Simulation studies of the adaptive model are included at the 
end of this chapter. 

B. POSITIONING SERVO MOTOR SELECTED FOR TEST 

To realistically test the ability of the adaptive model 
to drive a positioning servo open loop, a permanent magnet 
DC servo motor currently used in the disk file industry was 
selected. Through analysis of experimental test data, the 
transfer function of the servo was found 

G ( s ) = K (3.1) 

s ( s + Pm) ( s + Pe ) 

where 

K - 9.68 X 10 5 radians/volt 
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20.55 radians/sec 



Pm = mechanical pole 

Pe = electrical pole = 3536.0 radians/sec 

Rewriting in Bode form 

G(s) = 13.3 radians/vol ts (3.2) 

s(s/Pm +l)(s/Pe +1) 

The open loop Bode plot for the servo motor is shown in 
Figure^ 3.1. The open loop Bode plot with the pole at Pe 
removed from equation 3.2 is shown in Figure 3.2. 

Comparison of the two plots showed no significant change in 
the magnitude response curves by removing the pole at Pe 
(ignoring the electrical pole) from the transfer function. 

To convert the rotational motion of the servo motor to 
a translation across the radius of a disk file, an actuator 
arm length of 1.0 inches was used. Although this is 
unreasonably small, the arm length can be adjusted to suit a 
particular hardware design when implemented into an actual 
system. The resulting transfer function used for the 

simulation of the servo motor is shown below: 

G (s) = 13.3 inches/volt (3.3) 

s ( s/ 20 . 55 + 1) 

= CS (s) 

VS (s) 

where 

CS(s) = servo motor position 

VS(s) = servo motor drive voltage 

An additional open loop Bode Plot was made for a Km/s 
motor that is asymptotic to the -40dB/decade slope of the 
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SERVO MOTOR 




Figure 3 



1 Open Loop Bode Plot of the Servo 
Motor Selected for Test 



23 



rRfcxNcr i rpc. per secj 



3$ynd 




Figure 3.2 Open Loop Bode Plot with Pole at Pe Removed 
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magnitude response curve of Figure 3.2. This plot is shown 

in Figure 3.3. The -40dB/decade slope crosses the 0.0 dB 

axis at w= 17 radians/sec which corresponds to a Km of =300 

radians/volt for an ideal motor. Thus the gain constant Km 

of the adaptive model was set initially to 300 radians/volt 

to determine the curve shape as derived in Chapter 2. 

B. ALGORITHM TO UPDATE THE ADAPTIVE MODEL STATES AND 
GAIN PARAMETER 

Figure 3.4 illustrates the modifications to the original 
simulation model block diagram of Figure 2.1 to make it 
adaptive in nature. The velocity error signal (XE) is 
common to both the simulation model amplifier and the servo 
motor amplifier. The output of the servo motor (CS) is not 
measured directly but is read by the head at discrete 

sampling intervals as the servo information sectors pass 

beneath the head. From these observations of head position 
on the disk, an estimate of the servo motor gain parameter 
(Km) must be determined as well as the velocity of the head 
as it moves across the radius of the disk. Two requirements 
must be met in these calculations: 

1. The calculations must be reasonably accurate to allow 
the model states to approximate the trajectory of the 
servo motor during the seek mode. 

2. The calculations must be simple in nature to allow for 

the updating of model states and gain parameter in 

minimum time, i.e., shorter computation time delay. 



25 



3SyHd 




Figure 3.3 Open Loop Bode Plot for the Km/s 1 Motor 
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Figure 3.4 Adaptive Model Block Program 
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To update the adaptive model motor gain constant, the 

model motor requires an estimate of Km as if the non-ideal 

servo motor is an ideal motor, i.e., fitting the 

deceleration curve of the model motor to that of the servo 

motor. From equation 2.3 for the ideal motor 

C = Km Vsat _t* (2.3) 

2 

Solving for Km 

Km = 2C (3.4) 

Vsat t % 

For discrete time intervals 

Km - 2C (3.5) 

Vsat (NT) 1 

Where T is the sampling period and N is the sample number. 
Letting C = Cs 

Km = 2CS (3.6) 

Vsat (NT) 1 

Equation 3.6 is valid only for the full acceleration 
portion of the seek mode when the acceleration of the servo 
motor is constant. Thus, the value of Km is set for the 
model from samples of servo motor position during the full 
acceleration portion of the seek mode then remains constant 
for the curve following portion of the move. 

Several means of estimating the head velocity were 
attempted such as reduced order discrete observers, Kalman 
filters, and direct calculation by solving for the 
deceleration curve of a non-ideal motor. But all these 
schemes failed either due to the switching from full forward 
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to full reverse drive to follow the curve or due to the 
small number of samples that are obtained during a track to 
track move (typically less than 4 samples). The first 
method -that worked reasonably well is an average velocity 
calculation. For small sampling periods, the average 
velocity of the head can be estimated by: 

CS (avg) = A CS = CS (N) - CS (N-l) (3.7) 

At T 

It will be shown through simulation studies that this 
estimate works best for long moves but close curve following 
is not achieved for moves of 10 tracks or less. At discrete 
time instants (NT) this estimate gives the average velocity 
over the last sampling period and not an estimate of the 
velocity of the head at time NT. Using equation 3.7 and 

another definition of average velocity 

CS (avg) = CS (N-l ) + CS(N) (3.8) 

2 

and setting equations 3.7 and 3.8 equal 

CS (avg) = CS (N) - CS(N-l) = CS(N-l) + CS(N) (3.9) 

T 2 

Solving for Cs(N) 

CS (N) = 2 [CS (N) - CS (N-l) ] - CS(N-l) (3.10) 

2 

This calculation provides an estimate of the head 

velocity as soon as the position is read from the disk and 

requires the storage of the last position measurement (CS(N- 
1)) and velocity estimate (C (N-l)). After 2 samples of 
position are known, the stored value of CS(N-l) can be 
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refined by 



(3.11) 



CS(N-l) = CS (N) - CS ( N- 2 ) 

2T 

This calculation allows the velocity estimate of 

equation 3.10 to be a very close estimate of the head 
velocity at the discrete sampling instant NT. The only 
difficulty encountered with this scheme was during a track 
to track move where a small number of position samples are 
taken. If the model begins to curve follow (switch from 
full acceleration to full deceleration) between samples of 
position, the velocity calculation of equation 3.10 is not 
se lf-correct ing until two position samples can be taken 
after the switch. To correct this discrepency, the 
algorithm used detects the switch in the drive signal and 
stores the present value of model velocity as CS(N-l) to be 
used in the next calculation. By this slight modification, 
close curve following can be achieved even for the track to 
track move. 

D. SIMULATION STUDIES OF THE ADAPTIVE MODEL 

Appendix B list the DSL/VS simulation program used in 
the testing of the adaptive model and is a modification of 
the program of appendix A. A sample region was added to 
simulate the reading of head position information at 
discrete time intervals CS(N). The DELS parameter of the 
program allows the simulation to enter the sample region 
every T = 0.25 milliseconds where a sample of head position. 
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CS , is taken. This corresponds to approximately 64 sectors 
of servo information being interspersed in the data tracks 
of a disk file rotating at 3600 rpm as discussed in Chapter 

1 . 

From the sample of head position the algorithm, also 
contained in the sample region, computes the estimate of CS 

and thf gain parameter Km. Model states C, C are reset with 

« 

the values of CS and CS and the gain parameter Km is updated 

during the full acceleration portion of the move. This 

« 

program uses equation 3.7 as the calculation for CS . 

Fixed step integration was used in the simulation as 
this would be the easiest numerical integration routine to 
implement in a microprocessor. The integration step size, 
parameter DELT , was chosen to be 1/5 the sampling period to 
allow 5 integration steps between update of the adaptive 
model. The model velocity error signal, XE, is computed at 
each integration interval and is sent to the servo motor 
amplifier . 

Figures 3.5 and 3.6 are the phase plane plot and step 
response curves for a step command of 100 tracks. In the 

9 

phase plane plot, the model velocity C and the head velocity 
CS are plotted versus model position C. Although CS can not 
be observed in the actual system, it is available in the 
simulation and is used to check the validity of the 
calculations in the algorithm. Figure 3.5 shows that the 
adaptive model and servo motor have good curve following 
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Figure 3.5 Phase Trajectory of Adaptive Model 
Using Average Velocity Updates 
(100 Track Move) 
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Figure 3.6 Step Response of Adaptive Model 
Using Average Velocity Updates 
(100 Track Move) 



33 



CS'Tffl* INCHES) ' 



characteristics for the long move. The step response curve 
of Figure 3.6 shows the model and servo motor track together 
to the desired commanded position. 

Figures 3.7 and 3.8 are the phase plane plot and step 
response curves for a step command of one track. The phase 
plane plot illustrates the problem encountered when updating 
the model velocity state with the CS(avg) calculation. When 
the desired position is reached, the velocity of the head 
does not reach zero but is still moving at approximately 0.8 
inches/sec. This velocity will be of concern when switching 
into the track follow mode because it tends to increase both 
the overshoot and settling time of the compensated system. 
The updating of the adaptive model can be seen in the step 
response curve of Figure 3.8. At multiples of 0.25 
milliseconds, the curves come together then drift apart 
until the next update. This drift is attributed to the 
inaccurate updating of head velocity at the sampling 
instant . 

By using equation 3.10 as the estimate of head velocity 
along with equation 3.11 to correct the previous velocity 
calculation, close curve following can be achieved for any 
length move. Appendix B also lists the simulation program 
that reflects the change in the algorithm to improve the 
velocity calculation and Figure 3.9 shows the phase plane 
plot for the 100 track move utilizing this new algorithm. 
The trajectory of both the model and servo are practically 
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Figure 3.7 Phase Trajectory of Adaptive Model 
Using Average Velocity Updates 
(1 Track Move) 
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Figure 3.8 Step Response of Adaptive Model 
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(1 Track Move) 
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Figure 3.9 Phase Trajectory of Adaptive Model 
Using Velocity Calculation of Equation 3.10 
(100 Track Move) 
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identical and close curve following is achieved. Figure 
3.10 is the phase plane plot for the one track move. It is 
easy to see that after the first sample of head position, 
the model and servo track together during both the full 
acceleration and deceleration portions of the seek mode. 
Head velocity is noticeably reduced to less than 0.2 
inches/ second when the head is over the desired position. 
Figure 3.11 illustrates the improvement in step response of 
the adaptive model for the track to track move. Based on 
the results shown in these figures, the program of Appendix 
B was chosen as the base program for further studies in this 
thesis . 

Included in Appendix B is the DSL/VS simulation data 
printout for the 100 track move of Figures 3.10 and 3.11. 

At the first sampling instant and every multiple of 0.25 

0 

milliseconds later, the state points C and C of the model 
are reset to the observed position of the head and the 
calculated head velocity respectively. It is evident that 
the velocity calculation is quite accurate throughout the 
move. It is also seen that after the initial adjustment of 
Km, this value does not change appreciably over the 

acceleration portion of the move and then is held constant 
during the deceleration part of the move. This resetting of 
model states and adjustment of Km at each sampling instant 
allows the model trajectory to closely match that of the 
servo between samples. This ability to track the servo is 
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Figure 3.10 Phase Trajectory of Adaptive Model 
Using Velocity Calculation of Equation 3.10 
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Figure 3.11 Step Response of Adaptive Model 
Using Velocity Calculation of Equation 3.10 

(1 Track Move) 
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the primary factor in the close curve following ability of 
the model and servo combination and reduces the velocity of 
the head when the desired position is reached. 
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IV. ADDITIONAL TESTING OF THE ADAPTIVE MODEL 



DURING THE SEEK MODE 

A. EFFECT OF CHANGING AMPLIFIER GAIN PARAMETER K2 

As discussed in Chapter 2, the linear gain of the 
amplifier, K2, is chosen to saturate the amplifier for moves 



of one track during the full acceleration portion 


of 


the 


seek mode 


and to 


allow for close 


curve 


f ol lowing 


to 


the 


desired position. 


Figures 4.1, 


4 . 2 and 4 . 3 are 


the 


one 


track move 


phase 


plane plots for 


K2 = 


1000, 100 


and 


10 


respectively. For 


the first two 


cases , 


the value 


of 


K2 


saturates 


the amplifier and both 


full 


forward drive 


and 


close curve 


following are achieved. 


But 


for K2 = 


10, 


the 



amplifier saturates initially but drops out of saturation at 
the peak of the trajectory and both the model and servo 
motor fail to curve follow. Thus the amplifier gain must be 
chosen to be 100 or greater to obtain the desired phase 
trajectory for the one track move. 

B. EFFECT OF CHANGING AMPLIFIER SATURATION LIMIT VSAT 

The saturation limit, Vsat, of the amplifier is 
determined by the available power supply voltage and affects 
the phase trajectory in two ways. First it determines the 
magnitude of the full forward and reverse drive applied to 
the model and servo motor and thus affects the time required 
for the desired move (seek time) . Secondly it scales the 
curve to be followed. Recalling equation 2.10, the 
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Figure 4.1 Phase Plane Tracjectory, K2 = 1000 
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Figure 4.2 Phase Plane Trajectory, K2 = 100 
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Figure 4.3 Phase Plane Trajectory, K2 = 10 
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parameter A multiplies the square root of the error signal 
and determines the commanded velocity curve, X, to be 
followed. The curve is scaled up when the saturation point 
is raised and scaled down when the saturation point is 
lowered. This effect is illustrated in the one track move 
phase plane plots of Figures 4.4 and 4.5 for Vsat equal to 
5.0 volts and 15.0 volts respectively. By comparing these 
figures with Figure 3.10 (Vsat = 10.0 volts) the scaling of 
the X curve can be observed. The maximum velocity achieved 
by the servo motor is also noticed to increase as the value 
of Vsat is increased. These effects are tabulated in Table 
1 for both the 1 and 100 track moves with K2 = 10,000. 



TABLE 1 

Effect of Varying Amplifier Saturation Voltage 



Length of Move 
(tracks) 



Vsat Max Velocity Achieved Seek Time 

(volts) (inches/sec) (msec) 



1 


5 


1.06 


1 


10 


1.50 


1 


15 


1.77 


100 


5 


10.35 


100 


10 


14.63 


100 


15 


18.15 



1.75 

1.25 

1.00 

18.90 
13.50 

10.90 



As expected, the seek time is reduced as the maximum 
velocity of the servo motor is increased by raising Vsat. 
Thus the seek time can be adjusted by selection of the 
saturation level of the amplifier as determined by the 
available power supply voltage. But the drive on the motor 
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Figure 4.4 Phase Plane Trajectory, Vsat = 5.0 
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cannot be adjusted too high as curve following is 
jeopardized (Figure 4.5) when the model cannot accurately 
track the actions of the servo motor. The loss of curve 
following results when only one update of the model is 
obtained during the curve following portion of the move. As 
the drive on the model and servo motor is increased, the 
shorter seek time reduces the number of samples taken during 
the move . 

C. EFFECT OF ADDING THE ELECTRICAL POLE TO THE SERVO MOTOR 

TRANSFER FUNCTION 

In Chapter 3, the decision was made to neglect the 
electrical pole, Pe, from the servo motor transfer function 
(equation 3.2). When the electrical pole is added back into 
the transfer function (and likewise to the DSL/VS simulation 
program) significant problems arise as shown in the phase 
plane plot and step response curves of Figures 4.6 and 4.7 
for the one track move. 

Even though full forward drive is applied to the servo 
motor, it does not accelerate at a constant rate like the 
model and as a result the velocity of the servo motor builds 
up slowly at first. At the first model update (t=.25 msec) 
the states are reset in the model but because the 
calculation of Km is based on constant acceleration between 
samples, the value of Km is low and the model accelerates 
more slowly than the servo motor over the next time 
interval. This can be seen in the step response curve of 
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Figure 4.6 Phase Plane Trajectory of 3rd Order Servo Motor 
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Figure 4.7 Step Response of 3rd Order Servo Motor 
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Figure 4.6. When switching to full reverse drive, the servo 
motor cannot decelerate as quickly as the model and curve 
following is lost. 

Because the electrical pole is determined by the ratio 
of the armature resistance to the armature inductance, it is 
the inductance of the armature circuit that delays the build 
up of ^armature current and hence full torque is not applied 
to the motor until the electrical time constant of the 
armature circuit is overcome. For this motor the electrical 
time constant (1/Pe) is 0.283 msec. As a rule of thumb, 
four time constants must elapse in an R-L circuit before the 
current can be considered to be at a maximum. This explains 
why the model and the servo motor do not track together when 
the electrical pole is added back into the servo motor 
transfer function making it a 3rd order system. 

Thus, the motor selected for testing in this thesis may 
not be the best choice to use a when voltage source is the 
desired drive for the servo motor. Curve following for the 
short move cannot be achieved with this servo motor for the 
desired speed of response and high track densities 
discussed. To meet these design parameters with a voltage 
source drive system, the servo motor armature inductance 
must be reduced. Current technological advances in the DC 
servo motor industry indicate that reduction of the 
inductance of the armature circuit to negligible amounts is 
possible. Therefore, it is assumed that this requirement 
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can be met and this thesis will continue to use the second 



order model of the servo motor in the development of a track 
follow scheme. 

Before moving to the track follow mode, an alternative 
type of servo motor drive will be presented to show how the 
3rd order servo motor can be made to respond with 
characteristics similar to that of the ideal motor of the 
model. Such a system is called the current source drive 
system . 
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V. THE CURRENT SOURCE DRIVE SYSTEM 



A. INTRODUCTION 

Up to this point the drive on servo motor has been a 
voltage source drive, i.e., the amplifier supplies a voltage 
to the armature circuit of the DC servo motor. This has 

been shown not to be a good choice for the servo motor 
selected for test (3rd order system). To achieve constant 
acceleration, the current in the armature circuit must build 
up quickly to a constant value and apply constant torque to 
the load in a order for the model to control the servo motor 
during the seek mode. One means of accomplishing this is to 
use a current source drive system. 

B. DESIGN OF THE CURRENT SOURCE DRIVE SYSTEM 

The equations that describe a permanent magnet DC servo 
motor are considered first [Ref. 2]. For the motor 
initially at rest so that all initial conditions are zero 
the equations are 

T=Kt-I=J©+f0 (5.1) 

V = IR + LI + Kv © (5.2) 



where 



V 



applied d-c voltage 



I 



armature current 



R 



armature resistance 



L 



armature inductance 
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0 = angular position of the motor shaft 
T = motor output torque 

Kt = motor torque constant 

Kv = motor emf constant 

J = inertia of motor and load 

f = viscous friction of motor and load 

By .taking the Laplace transforms of the above equations, 

the transfer function from V as input to © as an output is 

£.. { 3 ) = Kt (5.3) 

V ( s ) S [ (R+sL) (Js+f ) + Kv Kt] 

The transfer function from V as an input to I as an output 

is 

1 (s) = Js + f (5.4) 

V ( s ) [ (R+sL) (Js + f ) + KV Kt] 

If the viscous friction of the motor and load is small it 

may be neglected and the above equations become 

Q (s) - Kt (5.5) 

V(s) s [ (R+sL) (Js) + Kv KT] 

I (s) = Js (5.6) 

V ( s ) [ (R+sL) (Js) + Kv Kt] 

It can be shown [Ref. 2 ] that by factoring the 

denominator and manipulation of equation 5.5, the equivalent 
transfer function of the servo motor is 

9 ( s ) = 1/Kv (5.7) 

V ( s ) s(s L.+ 1) (s JR +1) 

R Kv Kt 

Consider now the current source drive system of Figure 
5.1. When a voltage representing the current flowing in the 
armature circuit is fed back into the input circuit of a 
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voltage amplifier, the amplifier can be converted to a 
current source. The armature current feedback is provided 
by the voltage drop across a small resistor (RSENSE) placed 
in the armature circuit. It is amplified to be proportional 
to the armature current. 




Converting Figure 5.1 to a transfer function block 

diagram and using equations 5.5 and 5.6, the block diagram 

of Figure 5.2 results. Around the amplifier loop 

V = KA (5.8) 

Vin 1 + KA Js 

( (Js) (R + sL) + Kv Kt] 

If the gain of the amplifier is chosen such that 

KA Is >> 1 (5.9) 

[ (Js) (R + sL) + Kv Kt] 

then 
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V 

Vin 



1 

Js 



[ ( Js ) (R+sL) + Kv Kt] 



[ (Js) (R+sL) + Kv Kt] 
Js 



(5.10) 




Figure 5.2 Current Source Drive Transfer 
Function Block Diagram 



The equivalent transfer function from Vin to 0 

0 (s) _V ©_= [ (Js) (R + sL) + Kv Kt] Kt 

Vin(s) Vin’ V ' Js s[(Js)(R+sL) + Kv Kt] 

= (Kt/J) (5.11) 

s l 

Equation 5.11 indicates that if the amplifier gain is 
carefully chosen, the armature current feedback yields a 
system that approximates the ideal motor of the model. The 
armature inductance and the back emf will have negligible 
effect on the performance of the motor. 

Figure 5.3 is the simulation block diagram of the current 
source drive system and Appendix C lists the DSL/VS program 
used to simulate the system. The values used . in the 
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simulation for the servo motor parameters (Kt/J, R, L, and 
Kv) were obtained from the known poles and gain of the motor 
transfer function by using the function minimization routine 
ICSOS where the transfer function of equation 3.2 was run 
against the transfer function of equation 5.7. The outputs, 
0, were minimized for a step command of 0.001 radians. The 
routine returned the following values 

V 

Kt/J = 275.2, Kv = 0.0752 

R = 1.012, L = 0.0002862 

By substitution of these values into equation 5.7, the 
transfer function of the servo motor was equal to the 
original transfer function of equation 3.2. 




RSENSE was chosen to be 0.1 to reduce the influence on 
the electrical pole, therefore KFB was set at 10.0. The 
only parameters left to choose were amplifier gain (KA) and 
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saturation limits (VSATA) . This was done by trial and 
error. KA was initially set to 100 and VSATA was set to a 
very high value so that no saturation occurred. The 
trajectory of the current source drive system was almost 
identical to the model (Figure 5.4) for the one track move. 
The gain KA was then lowered until curve following was lost 
(around KA = 10) . Then the saturation limit VSATA was 

y 

lowered and gain KA raised until an acceptable phase 
trajectory was found that would yield zero head velocity 
(CS) when in position. This occurred at KA = 20 and Vsat = 

50 volts (Figure 5.5). The X curve had to be scaled down 

(by adjustment of K1 in the model to 0.7 vice 0.8) to switch 
into curve following early enough to obtain the desired 
response. The step response of the system is shown in 
Figure 5.6 and the DSL/VS simulation data listing for this 
one track move is provided in Appendix C. The data show 
that the voltage applied to the servo motor VINA is 
initially 50.0 volts but is rapidlly reduced to around 10.9 
volts when the armature current I builds up to 9.79 amperes 
for the full acceleration portion of the move. When full 
reverse drive is applied (VS = -lOv) VINA is momentarily -50 
volts but again dies out quickly as the servo motor follows 
the curve. This momentary application of + 50 volts allows 
the current to build rapidly and improved performance is 
achieved. Because there must be some limitations on the 
amount of voltage applied to the servo motor, the ideal K/s 1 
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performance cannot be achieved but this study shows that a 
practical way of improving the phase trajectory of the 3rd 



order motor can be obtained with a current source 
system.. This study will be continued as the track 
mode is investigated. 



drive 

follow 
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Figure 5.6 Step Response 
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VI. THE TRACK FOLLOW MODE 



A. INTRODUCTION 

Once the seek mode positions the head over the desired 
track, the system must switch into the track follow mode to 
fine tune the head over track center and hold it in this 
position while the head performs its read/write functions. 
A well-damped compensation scheme must be utilized to reduce 
the overshoot of track center and settle any transients in 
the system in minimum time. 

Three methods of accomplishing the track following 
function will be introduced here. The first scheme is to 
close a linear compensator around the servo motor and 
amplifier thereby disconnecting the model from the system. 
This yields a typical sampled data system. The second 
method is to replace the curve in the model with the linear 
compensator and remove the tachometer feedback within the 
model. The model then drives the servo motor open loop as 
before with the state and gain parameter updates at the 
sampling instants. The last method is to replace the curve 
in the model with a gain block and modify the tachometer 
feedback gain to provide the required compensation. 

B. COMPENSATION CLOSED AROUND THE SERVO 

Figure 6.1 is the block diagram of the sampled data 
compensation scheme for the track follow mode where the 
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samples of head position are held by use of a zero order 
hold circuit between sampling instants. The nonlinear 
saturating amplifier can be assumed to operate in the linear 
region when in the track follow mode if the head is over, or 
very close to, track center when switching occurs. This 
assumption allows linear analysis to be performed on the 
closed loop. 




Figure 6.1 Block Diagram of the Track Follow 
Mode for Compensation Closed Around the Servo 

The samples of head position are known at the sampling 

instants NT. By holding the values of head position, the 

output of the zero order hold can be represented by 

CSSAMP = 1 ~ e ST -CS (6.1) 

s 

The order zero hold circuit can have a destabilizing effect 
on the closed loop system because it introduces a lagging 
phase angle and attenuation in the forward path. This 
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effect is best seen by examining the frequency response of 



the zero order hold [Ref. 3: pp 80-82] 

: (fl-W/v/J)* 

Gzoh (s) = sin(ftw/ws) e J 

w/ ws 


where 


(6.2) 


| Gzoh ( s ) | 


sin ( fr w/ws ) 






(6.3) 




w/ws 








/Gzoh (s) 


- TT w , sin ( it w/ws ) 


> 0 


(6.4) 




WS 


w/ws 






In this analysis, w is the 


test frequency and ws 


is the 



sampling frequency. If the sampling period is 0.25 

milliseconds (approximately 64 sectors of servo 
information), the sampling frequency is 25,133 
radians/ second . In most disk files the bandwidth of the 
compensated system is approximately 3000 radians/second. At 
this bandwidth, the zero order hold introduces 21.5 of 
phase lag and -0 . 2dB of attenuation. Thus the compensator 
must be chosen such that it has sufficient phase lead to 
overcome the influence of the zero order hold circuit. 

The Gm(s) transfer function block in Figure 6.1 can be 
either that of the second order servo motor (equation 3.3) 
or (Kt/J) /s 2, if the current source drive system is used as 
they will have similar frequency responses in the 
compensated system. The compensator chosen to provide the 
required phase lead was a single section phase lead filter 
with transfer function 

s__ + 1 (6.5) 

Gc ( s ) = 1000 

s + 1 

50,000 
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The open loop Bode plot of the compensated system 

considering only Gc(s), K2 , and Gm(s) is shown in Figure 
6.2. This plot shows the phase margin to be greater than 70° 
with a bandwidth of approximately 2900 radians/ second . The 
phase lead is large enough to overcome the influence of the 
zero order hold and provide a well damped response. 
Simulation studies will be presented at the end of this 

chapter where the performance of the three methods of 

compensation will be compared. 

C. COMPENSATION FILTER IN THE MODEL 

For this method of compensation, the filter of equation 
6.5 replaces the curve in the model as shown in Figure 6.3. 
An open loop Bode plot of the compensated model would be 
similar to Figure 6.2 when the curve is replaced by the 

filter and the tachometer feedback is removed (K = 0.0). 

Again, the transfer function Gm(s) is either the transfer 
function of the second order servo motor or the current 
source drive system. The microprocessor would change the 
value of K from 1.0 to 0.0 when switching to track follow 
and replace the curve with the filter to compensate the 
model. The servo motor is driven open loop for both the 

seek mode and track follow mode with updates of model states 
and motor gain parameter Km provided at the sampling 
instants. Thus the system is not a sampled data system as 
in Section B above. 
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Figure 6.2 Open Loop Bode Plot of Compensated 
System for the Track Follow Mode 
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Figure 6.3 Compensation Filter Placed in the 
Model for Track Follow Mode 
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D. MODEL TACHOMETER FEEDBACK COMPENSATION 



For this method of compensation, the model curve is 
replaced with a gain compensation block Gc(s) = Ke and the 
tachometer gain (K) is adjusted to provide a well-damped 
model in the track follow mode. By Bode analysis of the 
open loop model, the values for the gain (Ke) was found to 

be 32.0 with K = 0.01. As figure 6.4 shows, the phase 

o 

margin is approximately 80 with a gain crossover of 3000 
radians/ second for the compensated model using the 

tachometer feedback compensation scheme. A block diagram of 
this scheme would be the same as Figure 6.3 with Gc(s) = 
32.0 and K = 0.01. 

E. SIMULATION STUDIES FOR THE THREE METHODS OF COMPENSATION 
Appendix D lists the DSL/VS programs used in the 

simulation studies for the three methods of compensation 
discussed above. The decision was made to switch into the 
track follow mode when the head was over track center (E 
0) in order to compare the performance of each method of 
compensation under the same switching law. Figures 6.5 and 
6.6 are the step response curves for a one track move when 
the compensation filter is closed around the servo for the 
second order servo motor and current source drive systems. 
Because the model is disconnected in the track follow mode, 
its step response (C vs time) is not plotted. Figures 6.7 
and 6.8 are the step response curves for the one track move 
with the compensation filter placed in the model and model 



70 



3St*4d 




(sum noiionoj ausNuai 



Figure 6 
Model 



4 Open Loop Bode Plot of the Compensated 
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(K = 32.0, k = 0.1) 
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Figure 6.5 Compensation Closed Around the Servo 
(Second Order Motor) 
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Figure 6.6 Compensation Closed Around Servo 
(Current Source Drive) 
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tachometer feedback removed. Figures 6.9 and 6.10 are the 
step response curves for the one track move using model 
tachometer feedback compensation. During the simulation 
studies of the model compensation schemes (sections 6.C and 
6.D) it was found that when the average velocity updates 
were provided to the model (CS avg of equation 3.7) the 
settling time of the system was significantly reduced and 
thus Figures 6.7 through 6.10 are the result of using 
average velocity updates during the track follow mode. This 
would entail switching the velocity algorithms in the 
microprocessor when going from seek to track follow and will 
reduce the amount of calculations required to update the 
model velocity. 

If the head can read/write without adjacent track 
interference (noise) when the head is within + 5% of track 
center (50 micro inches for track widths of .001 inch) the 
head can be assumed to be in position at the beginning of 
the track follow mode for all three compensation methods 
presented. Thus the settling time for a one track move is 
1.3 milliseconds regardless of the type of compensation 
used. Exhaustive simulation runs for each type of 
compensation showed that for any length move (1 to 1000 
tracks) all three compensation schemes were able to hold the 
head position to within 5% of track center from the start 
of the track follow mode. As the length of the move 
increased, the overshoot (or undershoot) of track center was 
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Figure 6.7 Compensation Filter in Model 
and Tach Feedback Removed 
(Second Order Motor) 
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Figure 6.8 Compensation Filter in Model 
and Tach Feedback. Removed 
(Current Source Drive System) 
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Figure 6.9 Model Tachometer Feedback Compensation 

(Second Order Motor) 
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Figure 6.10 Model Tachometer Feedback Compensation 
(Current Source Drive) 
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reduced, and in all cases 



the one track moves shown in 



Figures 6.5 through 6.10 were the worst cases encountered. 

In the next chapter, a compensation scheme will be chosen 
based on ease of implementation into a disk file system. 
The effects of varying the sampling period and introducing 
computation time delays will also be examined. 
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VII. THE COMPLETE SYSTEM 



A. INTRODUCTION 

In the preceeding chapter, three methods of compensating 
the track follow mode were presented and all were shown to 
quickly settle the transients of the servo motor. This 
chapter will first consider the merits of each type of 
compensation and select a scheme for possible implementation 
into microprocessor. For the chosen system, a complete set 
of figures showing the phase trajectory, step response, 
servo motor drive signals and velocity of the servo motor 
will be presented. Finally the effects of varying the 
sampling period and introcuding time delays into the system 
will be investigated. 

B. CHOOSING THE BEST COMPENSATION SCHEME FOR THE TRACK 

FOLLOW MODE 

When compensation is closed around the servo motor, 
the model is switched out of the system. The compensation 
can be provided by utilizing an analog or digital filter 
implemented in hardware thereby releasing the microprocessor 
for other tasks until the next move. Another method would 
be to implement a digital filter algorithm in software. 
While the choice would be left to the system designer, 
maximum use of the microprocessor during the seek and track 
follow modes by using a software implemented filter may be 
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the best choice. One drawback to consider is the effect of 
the sampling rate on the system. If the sampling rate is 
decreased too far, the zero order hold circuit may introduce 
enough phase lag to destabilize the closed loop. 

When the compensation filter replaces the curve in the 
model, updates of the servo motor states are still required. 
The implementation of the filter as a discrete algorithm may 
increase the computations required while track following. 

The zero order hold is not used in this system and the 
effects of sampling rate should not be a critical factor in 
the stability of the system. 

If compensation is provided by changing the tachometer 
feedback of the model and replacing the curve with gain 
compensation, the computation load on the microprocessor is 
reduced for track following. If the curve was generated by 
table look up the reading of commanded velocity values (X) 
from a ROM is eliminated. Again, model states are updated 
with this scheme and the sampling rate may not be as 
critical as in the first method discussed. 

Based on the observation above, the tachometer feedback 
compensation of the model may be the best choice for the 
track follow mode. The simulation model is used for both 
the seek and track follow modes and the algorithm for each 
is basically the same. This scheme would allow maximum 
utilization of the microprocessor in a system design. 
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C. SIMULATION PLOTS FOR THE COMPLETE SYSTEM 



A complete set of figures showing the system response for 
both the seek and track follow modes are presented here. 
Model tachometer feedback is used for the track follow mode 
and current source drive is applied to the servo motor to 
illustrate the motor armature current. Figures 7.1 through 
7.5 show the one track move phase trajectory, step response, 
servo motor drive voltage (VS) , armature current and 
velocity profile of the servo motor. Figures 7.6 through 
7.10 are similar plots for the 100 track move. Figures 7.8 
and 7.9 are of particular interest in that they show how the 
armature current builds quickly when full drive is applied 
during the acceleration portion of the seek mode and how the 
drive signal switches between forward and reverse drive as 
the servo curve follows or "chatters down" the curve. When 
the compensation is applied for track following, the servo 
motor drive signal and armature current are seen to decrease 
to zero rapidly indicating that the head is finely 
positioned over track center. Figure 7.10 illustrates the 
effectiveness of the model curve following velocity loop to 
produce a practical bang-bang control system. Constant 
acceleration and deceleration is observed for the seek mode 
and when switching to the track follow mode occurs, the head 
velocity will be at a minimum. The response curves of the 
second order motor (with voltage source drive) are almost 
identical to the figures shown and will not be presented 
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Figure 7.1 Phase Trajectory (1 Track Move) 
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Figure 7,2 Step Response (1 Track Move) 
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Figure 7.3 Servo Motor Drive Voltage 
(1 Track Move) 
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Figure 7.4 Servo Motor Armature Current 
(1 Track Move) 
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Figure 7.5 Servo Motor Velocity 
(1 Track Move) 
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Figure 7.6 Phase Trajectory 
(100 Track Move) 
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Figure 7.7 Step Response 
(100 Track Move) 
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Figure 7.8 Servo Motor Drive Voltage 
(100 Track Move) 
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Figure 7.9 Servo Motor Armature Current 
(100 Track Move) 
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Figure 7.10 Servo Motor Velocity 
(100 Track Move) 
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here . 



The settling time for moves of 1 to 1000 tracks for 



the current source drive system are tabulated below. 



TABLE 2 



Settling Times for Moves of Various Length 



Length of Move 
(tracks) 



Settling Times 
(mill iseconds ) 



1 

5 

10 

50 



1.30 

1.85 

4.50 

10.20 

14.50 
33.00 

46.50 



100 

500 

1000 



D. EFFECT OF VARYING THE SAMPLING PERIOD 

The sampling period (T) has been .25 milliseconds in all 



increased and still produce a satisfactory system response 
two important system factors will be improved. First, 
increasing the sampling period corresponds to a smaller 
number of servo information sectors required on the disk 
surface. With fewer sectors on the disk, more space is 
available for data storage. Secondly, for each sample of 
head position, an algorithm is invoked to compute and reset 
the model states and gain parameter Km. By increasing the 
sampling period this algorithm is invoked less often for a 
given move and the microprocessor has fewer computations to 
perform. 

To find a maximum sampling period that insures an 
acceptable system response, successive simulation trials for 



preceeding simulations. If the sampling period can be 
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Figure 7.11 Phase Trajectory (T = .35 msec) 
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Figure 7.12 Step Response (T = .35 msec) 
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Figure 7.13 Phase Trajectory (T = .50 msec) 
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Figure 7.14 Step Response (T = .50 msec) 
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Figure 7.15 Phase Trajectory (T = .70 msec) 
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Figure 7.16 Step Response (T = .7 msec) 
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a one track move were run for T = .35 milliseconds (47 
sectors), T =50 milliseconds (32 sectors), and T = .70 
milliseconds (24 sectors). Figures 7.11 through 7.16 show 



the 


phase plane plots 


and 


step 


response 


curves for each 


of 


the 


samp ling 


periods 


tried . 


As the 


figures show. 


the 


response of 


the system 


is 


acceptable 


up to T = 


.50 


mi 1 liseconds 


although 


for 


this 


sampling 


period the settling 



time is slightly increased. When the sampling period is 
increased to T = .70 milliseconds, no position samples are 
taken during the full acceleration portion of the seek mode 
and the model and servo motor do not track together during 
deceleration . The resulting step response shows a large 
undershoot of about 40%. This would not be an acceptable 
system response. 

By examination of simulation data, the undershoot for all 
simulation trials appears to be caused by inaccurate 
updating of servo motor velocity to the model while in track 
follow. As the sampling period is increased, the servo motor 
velocity may change signs one or more times between position 
samples thereby producing an erroneous velocity estimate. 
If an accurate estimate of servo motor velocity could be 
made for any sampling period, it may be possible to increase 
the sampling period beyond .50 milliseconds and still have 
an acceptable system response. This subject is left as an 
area for further study. 
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E. THE EFFECT OF TIME DELAYS ON SYSTEM RESPONSE 

The position measurement (CS) has been assumed to be 
readily available at the sampling instant in the preceeding 
simulation trials. In an actual system, the head must read 
the bursts of servo information from the disk and decode 
them to produce the position measurement. This reading and 
decoding of position information introduces a time delay 
into the system. In an actual operating disk file system 
using servo information sectors similar to that of Figure 
1.2, the time delay to read and decode the position 
information was reported to be approximately 30 
microseconds . When this time delay was introduced into the 
simulation program by use of a DSL/VS TRANSPORT function, 
only a slight degradation of system performance was noted. 
With CS delayed by 30 microseconds , the position update to 
the model is delayed and the velocity and Km updates are 
derived from this delayed position measurement. Figures 
7.17 and 7.18 show the phase plane and step response curves 
when the position measurement is delayed by 30 microseconds 
for the one track move (T = .25 milliseconds) . 

Once the position measurement is made, the model position 
(C) can be updated but the model velocity (C) and gain 
parameter (Km) must be derived by invoking an algorithm. 
This would introduce an additional time delay into the 
system due to the calculation time delay. If an arbitrary 
time delay of 50 microseconds is introduced into the system 
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Figure 7.17 Phase Trajectory 
(CS Delayed 30 microseconds) 
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Figure 7.18 Step Response 
(CS Delayed 30 microseconds) 
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Figure 7.19 Phase Trajectory 
(C and Km Updates Delayed 
by an Addtional 50 Microseconds) 
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Figure 7.20 Step Response 
(C and Km Updates Delayed 
by an Additional 50 Microseconds ) 
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CS (10 * INCHES) 



to account for this computation delay before C and Km can be 
updated in the model, stability for the one track move is 
lost as shown in Figures 7.19 and 7.20. However instability 
did not occur for the long move of 100 tracks. This 
indicated that the unstable response for the short move may 
have been caused by intitial conditions on the compensator 
(high servo motor velocity over track center) when switching 
to the track follow mode occurs. 

This was shown to be the case. If the value of Km is 
known from previous moves the model can utilize this value 
for a short move. In addition, if the model runs only on 
position updates for the seek mode, the initial conditions 
upon switching to track follow are reduced and a stable step 
response is achieved as shown in Figure 7.21 and 7.22. 

Reiterating, to obtain a stable response for a short move 
with an additional time delay of 50 microseconds on model 
updates of Km and C, the model is run on updates of position 

only during the seek mode, and both C and C are updated 

while track following. For long moves (> 10 tracks) , the 
model can use all the updates as soon as they are available. 

Thus, if there is a computation delay involved to update the 

model, the effects of this time delay can be dealt with to 
yield a stable response for any length move. 
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Figure 7.21 Phase Trajectory 
(Model Updates of C Only) 
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Figure 7.22 Step Response 
(Model Updates of C Only) 
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VIII. 



IMPLEMENTING THE SYSTEM INTO A MICROPROCESSOR 



A. INTRODUCTION 

This discussion does not attempt to choose a 
microprocessor or design a system that will fully implement 
the adaptive model. Offered here only are a few 
observations and suggestions that a system designer may find 
helpful . 

The adaptive model must operate in "real-time" because 
the output of the model is a servo motor drive signal that 
must be provided at specified time intervals to accurately 
control the motion of head as it moves across the disk 
surface. P. Civera, D. Del Corso, and F. Gregoretti [Ref. 
4, pp 11-44] have termed this type of system as a "hard 
real-time" system because "... failure of the computer to 
complete the required calculations in a specified time will 
cause a general system failure." For the system under 
investigation, an inaccurate or delayed servo motor drive 
signal may cause an overshoot of the desired track or, in 
the worst possible case, system damage if all control of the 
servo motor is lost. 

DSL/VS simulation of the adaptive model yields a system 
that is continuous in nature. By using fixed step 
integration in the simulations with an integration step size 
that was 1/5 the sampling period, an attempt was made to 
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simulate how a microprocessor would provide drive signals to 

the servo motor. At each integration step, the drive signal 

% 

(XE) was calculated and fed to the servo motor amplifier. 
In an actual system this computed drive signal would be made 
available to the servo amplifier via a D/ A converter. If a 
sufficient number of drive signals are provided during the 
sampling period, the actions of the servo motor (and head) 
will be continuous in nature. 

B. FLOWCHART OF THE ADAPTIVE MODEL ALGORITHM 

One possible method of implementing the adaptive model is 
to use an infinite loop, where once initiatied, the program 
flow through the loop continues until interrupted. The 
cycle time (time to execute the program once through the 
loop) is critical for the adaptive model. The computations 
required to decode the bursts of servo information and 
convert them to a position sample, calculate the head 
velocity and calculate the gain parameter may disrupt the 
timing of this loop at the sampling instants. Thus it may 
be best to use a second microprocessor to do these 
calculations and provide these values when available by 
using interrupts to the main microprocessor. The time 
required to update the values in the main microprocessor by 
interrupt would be considerably shorter than the main 
microprocessor performing the decoding and updating. 

The flowchart for the adaptive model algorithm is shown 
in Figure 8.1. This flowchart was based on the DSL/VS 
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Figure 8.1 Flowchart of the Adaptive Model Algorithm 
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simulation program of Appendix D where model tachometer 
feedback compensation is provided during the track follow 
mode. The auxilliary microprocessor algorithm to compute 
the updates is not shown in Figure 8.1, but would follow the 
program flow of the sample region of the afore-mentioned 
program. When available, the updates of C, C and Km are 
provided by interrupt and the program flow continues. 

On system start up, the parameters A, Kl, K2, K, FLAG, 
FLAGC, N, NSW, VSAT, C, X used in the algorithm are 
initialized (as in the simulation program) . Program 
execution begins when the desired track (R) is read from the 
main computer CPU. All calculations are made in sequence 
and the drive signal (XE) is sent to the servo motor 
amplifier. the flow through the program continues in a 
looping fashion providing the drive signal at each cycle 
pass. When track follow switching conditions are met, the 
program changes the value of the tachometer feedback gain, 
(K) and routes around the curve through the gain 
compensation block. Thus compensation is provided 
continuously until a different desired track (R) is received 
from the main computer CPU. 

The critical factor in the above discussion is the cycle 
time to complete one pass through the program. After 
optimization of the assembled code in the program, one can 
count the number clock cycles required to complete the 
calculations in the loop. with this figure in hand 
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and knowing the number of times the drive signal must be 
sent to the servo motor amplifier between sampling instants 
along with the sampling period (determined by the number of 
sectors- on the disk) , the clock frequency required for the 
microprocessor to implement this adaptive model can be 
determined by 

f (clock) =( #of clock cycles/loop) 

• (#of loops/sampling period) /T (8.1) 

Some other factors that are considered when choosing an 
appropriate microprocessor and associated hardware are the 
number of I/O ports, the programming language, the amount of 
built in RAM or ROM on chip, and the word length (word 
length determines the accuracy of the results) . Because 
numerical integration is used in the model, a built in 
hardware multiplier may also be a desirable feature. Several 
microprocessors for control or signal processing 
applications have D/A and A/D converters on chip. The speed 
of this conversion will also be an important factor for the 
system proposed. 

While the above discussion offers one possible way 
to implement the adaptive model, it is by no means the only 
way. A system designer with considerably more expertise in 
this area than the author may well find a better way to 
obtain the desired results. This matter is left as an area 
for further study. 
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IX. CONCLUSIONS/AREAS FOR FURTHER STUDY 



As a result of the research conducted in this thesis, the 
controlling of a disk file head positioning servo motor with 
an adaptive simulation model appears possible. Every effort 
was m^de to include possible conditions that may cause the 
adaptive model system to fail. These included the influence 
of the electrical time constant on the performance of a 
voltage drive system, the effect of varying the amplifier 
parameters, the effect of varying the sampling period and 
the introduction of time delays into the control system. 
All these conditions were overcome by offering alternatives 
to reduce or eliminate the resulting degradation of system 
response . 

One major question still remains. Will the proposed 
system work when implemented into a microprocessor? This 
question can only be answered by actually programming a 
microprocessor with the adaptive model algorithm to control 
a positioning servo at the speeds and accuracy required for 
a state of the art disk file system. Continued thesis 
research in this area is required. 

Another area for further study arises from the difficulty 
in controlling the third order servo motor (with the 
electrical pole included in the transfer function) during 
the seek mode with a voltage source drive system. If the 
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armature circuit of a servo motor can be manufactured so 
that the inductance has a negligible effect, this problem 
will be solved. If this inductance cannot be reduced, it 
may be- possible to use a third order servo motor as the 
model and continue to update only the position and velocity 
states of the actual servo motor along with an appropriate 
motor gain adjustment. Adjustment of model poles may not be 
required if the time constants are initially set to be 
within the servo motor rated values. Simulation studies of 
this higher order adaptive model should reveal if this 
alternative solution is viable. 

In the simulation studies, the servo motor saturating 
amplifier was chosen to be identical to that of the model. 
Because the outputs of these amplifiers produce the same 
voltage (V = VS), the model amplifier output can be used to 
drive the servo motor instead of XE . This would eliminate 
the requirement to have an actual amplifier of high gain in 
the servo motor drive circuit. It would also allow the 
model to change the gain of the amplifier when in the track 
following mode when model tachometer feedback compensation 
is used. If switching conditions are not ideal, limit 
cycles may occur in the model because of the nonlinear 
saturating amplifier gain being too high. By having the 
ability to lower this gain while track following, it may not 
be necessary to have the head over track center with zero 
velocity when the switch to track following is made. It may 
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be possible to switch to track following when the head is 
1/10 of a track or more away from track center to reduce 
the overshoot and eliminate the undershoot noted for the 
above type of compensation. Simulation studies may show 
this to be a solution to the problems encountered when the 
sampling period is increased and time delays are introduced 
into the system. 
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APPENDIX A 



DSL/VS Program for the Basic Simulation Model of Chapter 2 
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APPENDIX B 



DSL/VS Program for the Adaptive Model of Chapter 3 
for Average Head Velocity Updates 

DSL/VS Program for the Adaptive Model of Chapter 3 
for Head Velocity Updates Using Equation 3.10 

DSL/VS Simulation Data for the 100 Track Move 
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APPENDIX D 



DSL/VS Program, Seek and Track Follow Modes, 
with Compensation Closed Around the Servo Motor 
(2nd Order Motor) 

DSL/VS Program, Seek and Track Follow Modes, 
with Compensation Filter Placed in the Model 
(2nd Order Motor) 

DSL/VS Program, Seek and Track Follow Modes, 
with Model Tach Feedback Compensation 
(2nd Order Motor) 
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